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Summary 
The endoplasmic reticulum (ER) forms membrane contact sites (MCS) with most other cellular 
organelles and the plasma membrane (PM). These ER-PM MCS, where the membranes of the ER and 
PM are closely apposed, were discovered in the early days of electron microscopy (EM), but only 
recently are we starting to understand their functional and structural diversity. ER-PM MCS are 
nowadays known to mediate excitation-contraction coupling in striated muscle cells and to play crucial 
roles in Ca2+ and lipid homeostasis in all metazoan cells. A common feature across ER-PM MCS 
specialized in different functions is the preponderance of cooperative phenomena that result in the 
formation of large supramolecular assemblies. Therefore, characterizing the supramolecular 
architecture of ER-PM MCS is critical to understand their mechanisms of function. Cryo-electron 
tomography (cryo-ET) is a powerful EM technique uniquely positioned to address this issue, as it allows 
3D imaging of fully hydrated, unstained cellular structures at molecular resolution. In this review I 
summarize our current structural knowledge on the molecular organization of ER-PM MCS and its 
functional implications, with special emphasis on the emerging contributions of cryo-ET. 
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Introduction 
Compartmentalization into different membrane-bound organelles provides great versatility to 
eukaryotic cells by enabling a wide diversity of biochemical reactions. However, like the members of 
an orchestra, cellular compartments need to communicate with each other to play at unison. The 
importance of membrane traffic and signaling cascades in this communication is well established, but 
recent research is starting to highlight another major player: inter-organellar communication at 
membrane contact sites (MCS). MCS are regions of close (~ 20 nm) apposition between two cellular 
membranes that play central roles in lipid metabolism, Ca2+ homeostasis and other fundamental 
cellular processes. Most organelles are nowadays known to engage in MCS, but perhaps none of them 
to the extent of the ER. The ER forms MCS with virtually all other organelles, including the Golgi 
apparatus, mitochondria, lysosomes or endosomes. The ER also establishes MCS with the PM, whose 
structure and molecular organization will be the focus of this review. The reader is referred to 
excellent recent reviews on other aspects of ER-PM MCS or MCS between other cellular membranes 
[1-5]. 
EM has been of pivotal importance in the discovery and understanding of MCS function. ER-PM MCS 
were first observed in the early days of cellular electron microscopy (Fig. 1A) [6], and the first 
systematic structural characterization of such “subsurface cisterns” was carried out only a few years 
later (Fig. 1B) [7]. Soon after, conclusive EM evidence demonstrated that the triad junctions of muscle 
cells were also a specialized ER-PM MCS that mediated the excitation-contraction coupling [8]. The 
functions of ER-PM MCS in non-muscle cells remained enigmatic until the last decade, when the 
discovery of the STIM/Orai system revealed that ER-PM MCS mediate store-operated Ca2+ entry 
(SOCE) in all metazoan cells. More recently, ER-PM MCS have been shown to play critical roles in 
signaling and lipid metabolism and exchange between bilayers. Extensive research has identified many 
of the key molecular players of these processes and the list is rapidly growing. It is now clear that 
cooperative phenomena involving the formation of large homo and heteromeric assemblies lay at the 
heart of ER-PM MCS function, making of the utmost importance to understand how these 
supramolecular structures are built and organized within the narrow space between the ER and the 
PM. Several laboratories have successfully tackled this challenge using a variety of biochemical or light 
microscopy approaches, but recent technical advances are bringing about a renaissance of EM as a 
powerful tool to study MCS architecture. In particular, cryo-electron tomography (cryo-ET) enables 3D 
imaging of unstained biological structures exquisitely preserved by vitrification within the native 
context of intact cells and at molecular resolution [9]. In this review I will summarize the current 
knowledge on the molecular architecture of the main categories of ER-PM MCS known to date, 
highlighting the contributions of last generation EM techniques. 
ER-PM MCS in striated muscle 
ER-PM MCS in striated muscle are perhaps the MCS of most distinct architecture and thus historically 
the first studied in detail [8, 10]. These junctions are formed between a PM specialization known as 
the T-tubule and the sarcoplasmic reticulum (SR, a special type of ER found in muscle cells). In cardiac 
muscle a single SR terminal cisterna contacts the T-tubule forming a structure known as dyad, whereas 
in skeletal muscle two SR terminal cisternae contacting a T-tubule form the so-called triads. In both 
types of junctions L-type Ca2+ channels (also known as dihydropyrine receptors, DHPR) on the T-tubule 
closely associate with ryanodine receptors (RyR) on the SR membrane to mediate the excitation-
contraction coupling (ECC). In brief, a nervous signal triggers depolarization of the PM of the muscle 
cell, thereby activating Ca2+ influx through DHPR. This modest influx of extracellular Ca2+ triggers 
massive release of Ca2+ from SR stores through RyRs, which in turn activates the actin/myosin 
machinery to drive muscle contraction [11, 12]. 
The DHPR-RyR couplon is an excellent example of the importance of supramolecular architecture for 
MCS function. DHPRs assemble into groups of four (“tetrads”) that associate closely with the four-fold 
symmetric RyRs [13, 14]. This is important to allow the formation of Ca2+ nanodomains, in which a 
relatively small influx of extracellular Ca2+ through DHPRs may reach sufficient intracellular 
concentrations to activate RyRs [12, 15]. The physical proximity between DHPRs and RyRs also allows 
Ca2+ released by RyR to mediate the Ca2+-dependent inactivation of DHPR [16] and, in skeletal muscle, 
enables physical DHPR-RyR interactions by which DHPR modulate RyR function [15, 17]. Similar Ca2+ 
nanodomains formed by the spatial coupling of Ca2+ channels and their downstream effectors underlie 
other fundamental biological processes such as neurotransmitter release, the excitation-transcription 
coupling or Ca2+-dependent enzyme activation [18-20]. Interestingly, recent research implicates RyRs 
in the establishment of Ca2+ nanodomains at other MCS, such as those formed by the SR/ER and 
mitochondria in cardiomyocytes and pancreatic beta cells [15]. 
Consequently, the regulation of the distance between SR and T-tubule membranes is of critical 
importance. This distance is mainly controlled by junctophilins, which function as tethers by inserting 
in the SR membrane through a C-terminal transmembrane segment and binding the T-tubule via their 
N-terminal membrane occupation and recognition nexus sequences. Deletion of the heart-specific 
isoform junctophilin 2 results in increased intermembrane distance and embryonic mortality [21]. 
Rather than mere spacers, junctophilins seem to directly link DHPRs and RyRs to position them 
opposite to each other and ensure efficient ECC [22]. At the same time, additional cytosolic binding 
partners such as calmodulin or FKBP12/calstabin1 and a large SR luminal complex formed by 
calsequestrin, junctin, triadin and others regulate the Ca2+ release properties of RyRs [11]. 
Furthermore, theoretical and experimental evidence has shown that the spatial relationship between 
neighboring DPHR-RyR couplons plays a major role in ECC [12, 23]. These couplons assemble into 
clusters containing a few units in cardiac muscle and much larger checkerboard patterns in skeletal 
muscle (Fig. 1C) [24-26]. 
The large size of the cytosolic portion of the RyR (~ 30 nm in diameter) [14] has facilitated the study 
of these clustering phenomena by sub-diffraction light microscopy techniques, which achieve 
resolutions close to the size of individual receptors. Nevertheless, most of the information available 
to date on the molecular architecture of ER-PM MCS in muscle has been provided by thin section and 
freeze-fracture EM work [13]. Visualization of components of the junction smaller than RyRs or DHPRs 
has been hindered by technical limitations, but pioneering cryo-ET work tackled this issue in fully 
hydrated, unstained isolated triad junctions [27, 28]. These studies measured an average separation 
between SR and T-tubule membranes of 15.5 ± 1 nm and, coupled with sub-tomogram averaging, 
hinted to a periodic arrangement of the calsequestrin layer, which is separated from the RyRs by a 5 
nm gap bridged by fine filaments that could correspond to proteins such as triadin or junctin. 
Altogether, the work summarized here shows that the function of ER-PM MCS in muscle is exquisitely 
determined by their molecular architecture. 
Store-operated Ca2+ entry 
Research from the last ten years demonstrated that the integral ER membrane protein stromal-
interacting molecule (STIM) and the PM Orai Ca2+ channels mediate the long sought mechanism for 
SOCE [4]. As the SR in muscle, the ER is the major intracellular Ca2+ store in all metazoan non-muscle 
cells. ER Ca2+ is released in a variety of signaling processes, often as a result of the receptor-mediated 
activation of phospholipase C, which hydrolyzes PM phosphatidylinositol 4,5-bisphosphate (PI(4, 5)P2) 
to produce inositol trisphosphate (IP3) that in turn activates Ca2+ release from the ER via IP3-receptor 
Ca2+ channels on the ER membrane. To sustain signaling, ER Ca2+ is refilled by SOCE through a series of 
major conformational changes, as revealed by a combination of structural approaches including 
Förster resonance energy transfer, NMR and X-ray crystallography [29]. At rest, STIM molecules likely 
form dimers on the ER membrane. Upon store depletion low ER Ca2+ levels result in Ca2+ dissociation 
from the EF hands in the luminal domain of STIM and trigger STIM oligomerization via its luminal sterile 
α-motif. STIM oligomers extend their coil-coiled domains to adopt an elongated conformation that 
reaches over to bind Orai Ca2+ channels at the PM, thereby activating Ca2+ influx into the cell and 
recruiting further Orai channels to form large STIM/Orai assemblies. The exact stoichiometry of single 
STIM/Orai complexes is still debated, but diffusion trapping experiments and the hexameric 
arrangement of Orai revealed by its X-ray structure suggest that one or two STIM dimers could suffice 
to immobilize one Orai molecule at ER-PM MCS. Finally, sarco/endoplasmic reticulum Ca2+-ATPases 
pump Ca2+ into the ER lumen to maintain ER Ca2+ homeostasis. This process is further regulated by a 
long and possibly yet incomplete list of interactors, which includes septins, junctate, CRACR2A, α-SNAP, 
SARAF and STIMATE [30]. 
Just as in DHPR-RyR-mediated ER-PM MCS in muscle, the architecture of STIM/Orai MCS defines the 
Ca2+ signaling properties of these junctions [31]. ER-PM distance is perhaps the most fundamental 
geometrical constraint, but diverging values for this distance at STIM/Orai MCS formed in different 
mammalian cells upon STIM1 overexpression have been reported in the EM literature, ranging from 8 
to 17 nm with individual distances as short as 1 nm [32, 33]. However, these numbers must be treated 
with caution given the unavoidable shrinkage of dehydrated material and that the distances were 
measured between the layers of heavy metal stain covering the membranes rather than between the 
membranes themselves. We have recently used cryo-ET to study ER-PM MCS formed by stimulation 
of the muscarinic receptor M1R in fully hydrated, unstained cells overexpressing STIM1 [34]. Under 
these conditions the average ER-PM distance was 21.1 ± 1.3 nm (mean ± SEM), slightly shorter than 
that observed in untransfected neurons (23.3 ± 1.2 nm, mean ± SEM) arguing against major spurious 
influence of STIM1 overexpression in ER-PM distance. As no staining was used, this distance directly 
reflects the separation between the phospholipid head groups on both membranes. Our data also 
revealed filamentous densities bridging the gap between the ER and the PM roughly perpendicular to 
both membranes (Fig. 2A, B), and these filaments were often clustered in groups and/or connected to 
large ER luminal or extracellular densities. Even though a high resolution structure of full length STIM1 
is not yet available, the morphology of these filaments is consistent with structural models of activated 
STIM1, whose cytosolic region contains long presumably unstructured sequences and coil coiled 
domains that alone could reach at least 15 nm in their extended conformation [4]. Thus, it is likely that 
the filamentous structures observed by cryo-ET provide a first glimpse onto the complex formed by 
Orai, STIM and their interactors in situ, paving the way for more detailed future studies. 
Lipid exchange at ER-PM MCS 
Besides their roles in Ca2+ signaling and homeostasis, ER-PM MCS are emerging as important hubs for 
lipid metabolism and exchange between membranes. The ER is the major site of lipid synthesis in the 
cell, but for a long time it was thought that the only substantial mechanism of ER lipid delivery to the 
PM was vesicular traffic via the Golgi apparatus. However, recent work has shown that several 
proteins directly shuttle lipids between the ER and plasma membranes at MCS. In particular, ORP 
(oxysterol-binding protein [OSBP]-related protein)/Osh (oxysterol-binding homology) proteins are 
major lipid transporters between the ER and other cellular membranes, including the PM [35]. OSBP, 
the founding member of the family, countertransports sterols and phosphatidylinositol 4-phosphate 
(PI4P) at ER-Golgi MCS [36]. Similarly, ORP5/8 in mammals and Osh6/7 in yeast exchange 
phosphatidylserine and PI4P at ER-PM MCS [37, 38]. Osh3 regulates PM phosphoinositide (PI) 
metabolism at ER-PM MCS, either by PI4P countertransport with another lipid or by directly 
modulating the enzymatic activity of the PI phosphatase Sac 1 on the ER membrane [39]. In addition 
to ORP/Osh proteins, Nir2 shuttles phosphatidylinositol from the ER to the PM to help maintaining 
PM PI(4, 5)P2 levels [40]. 
ORP/Osh proteins play additional structural roles as ER-PM tethers, as they bind PM PI4P via their 
pleckstrin homology domains and the ER either by hydrophobic tail sequences or by interacting with 
ER-resident Scs/VAP (VAMP-associated protein) [36, 38, 39]. However, other ER-PM tethers exist. In 
yeast around 40% of the PM surface is engaged in MCS with the ER, but simultaneous deletion of six 
proteins (Tricalbins 1/2/3, the VAP proteins Scs2 and Scs22 and Ist2) practically abolishes these 
contacts [41]. The family of Extended-Synaptotagmins (E-Syts) are the mammalian the homologs of 
the tricalbins and contain an SMP (synaptotagmin-like mitochondrial-lipid-binding protein) domain 
and three (E-Syt2/3) or five (E-Syt1) C2 domains. E-Syts tether the ER to the PM, as they are anchored 
to the ER membrane by a hairpin sequence and bind PM PI(4, 5)P2 by a basic patch in their C-terminal 
C2 domains [34, 42, 43]. Additionally, the C2C domain of E-Syt1 binds PM PI(4, 5)P2 in a Ca2+-dependent 
manner, and E-Syt1 confers Ca2+ sensitivity to E-Syt2/3 by the formation of heterodimers. E-Syts may 
also be implicated in lipid transfer, as their SMP domain forms a head-to-head dimer creating a 
hydrophobic groove that harbors lipids [44]. Interestingly, SMP domains have so far only been found 
in MCS-resident proteins [45]. 
How the E-Syts and other tethering or lipid transfer proteins are organized at ER-PM MCS remains 
unknown. We have recently employed cryo-ET to show that in E-Syt-mediated ER-PM MCS an electron 
dense layer runs parallel to the membranes at a distance of approximately 8 nm from the ER 
membrane, in stark structural contrast with the filaments observed in STIM1/Orai-mediated contacts 
(Fig. 2D, E) [34]. Interestingly, this intermediate density covers extended portions of the ER-PM MCS 
surface, indicating that it is formed by large oligomeric entities across the whole junction, at least 
under conditions of E-Syt overexpression. Given that the morphology of this intermediate density was 
similar in E-Syt1- and E-Syt3-mediated ER-PM MCS, such supramolecular assembly may be formed by 
the domains shared by these E-Syts (SMP, C2A and C2B) plus perhaps some interactors of those 
domains. The respective distances between ER and PM in E-Syt3- and E-Syt1-mediated ER-PM MCS 
were 18.8 ± 0.4 nm and 21.8 ± 1.8 nm (mean ± SEM), likely reflecting the additional two C2 domains 
of E-Syt1 versus E-Syt3. Increased concentrations of cytosolic Ca2+ in E-Syt1-mediated MCS resulted in 
a dramatic shortening of the ER-PM distance to 14.8 ± 1.1 nm (mean ± SEM), probably mediated by 
the Ca2+-dependent binding of E-Syt1 C2C domain to PM PI(4, 5)P2 (Fig. 2F). It is likely that this Ca2+-
dependent regulation of ER-PM distance has profound implications on intermembrane lipid exchange 
mediated either directly by E-Syts or by other ER-PM MCS-resident proteins such as Nir2 [40]. In the 
light of the high resolution protein structures known to date and given that ER-PM distances are rarely 
shorter than 10 nm, our data also suggest that lipid shuttling between membranes might be a more 
plausible mechanism of transfer than direct tunneling by proteins contacting both bilayers 
simultaneously. Thus, as the architecture of ER-PM MCS is fundamental to define the properties of 
Ca2+ nanodomains, it is also a crucial regulator of lipid transfer at these membrane junctions. 
Conclusions and perspectives 
A common theme to the different aspects of ER-PM MCS function are cooperative phenomena that 
result in the formation of large macromolecular assemblies of poorly understood stoichiometry, such 
as clusters of DHPR-RyR couplons, STIM and Orai Ca2+ channels or the density layer across E-Syt-
mediated contacts. The temporal dynamics of these assemblies are heterogeneous, since ER-PM MCS 
are very stable in muscle but rearrange rapidly in the case of STIM/Orai- and E-Syt-mediated MCS. The 
picture is yet more complex, because different categories of ER-PM MCS-resident proteins may coexist 
at the same junction. For example, not only SOCE plays an important role in SR Ca2+ replenishment in 
muscle, but STIM1 also interacts directly with DHPRs and regulates their activity [46]. Also, E-Syt1 and 
STIM1 are recruited to the same ER-PM MCS upon induction of SOCE and E-Syt1 is involved in the Ca2+-
dependent inactivation of SOCE mediated by SARAF [42, 47]. Our cryo-ET observations of ER-PM MCS 
in untransfected neurons also support the notion that multiple types of tethers coexist at native MCS 
(Fig. 2C) [34]. A multidisciplinary approach will be necessary to tackle this complexity and determine 
the precise molecular architecture of ER-PM MCS. In particular, the combination of cryo-ET with 
recent technological advances such as cryo-focused ion beam milling, Volta phase plates and direct 
electron detectors [9, 48] as well as other techniques such as super-resolution light microscopy [23] 
has an unparalleled potential to reveal the structural and functional underpinnings of MCS at 
molecular resolution. 
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Figure 1: ER-PM MCS visualized by classical EM. (A) One of the first images of these structures ever 
published [6], showing a section through a rat spermatogonium that includes mitochondria (m1, 
m2), and ER (o2). The arrow points to ER-PM MCS. (B) First systematic characterization of ER-PM 
MCS in neurons [7]. The image shows a synaptic bouton (b) forming a synapse with a dendrite (d). 
An extended ER-PM MCS (arrow) can be seen in an adjacent neurite (n). (C) Grazing section of a triad 
junction in fish skeletal muscle showing a checkerboard pattern of RyRs (arrow) [26]. 
 
Figure 2: ER-PM MCS visualized by cryo-ET [34]. (A) Tomographic slice of a COS-7 cell overexpressing 
STIM1, the muscarinic receptor M1R and stimulated by 10 μM of the agonist oxotremorine M 
(STIM1 OE, M1R OE + Oxo-M). The arrow points to an extended ER-PM MCS. In the insets filaments 
(yellow arrowheads) bridging the ER and PM can be seen. The dotted line on the frame indicates 
insets showing tomographic slices at different z height than the main panel (B) Surface rendering of 
(A) showing PM in gold, ER in pink and ribosomes (rib) in green. (C) Tomographic slices of an ER-PM 
MCS in an untransfected mouse neuron upon 13 days in culture (DIV 13 neuron) showing different 
types of densities between the ER and the PM: E-Syt-like intermediate density parallel to the 
membranes (red arrowhead), STIM-like filaments perpendicular to the membranes (yellow 
arrowhead) and other tethers of unidentified morphology (green arrowheads). (D) Tomographic slice 
of a COS-7 cell overexpressing E-Syt3 (E-Syt3 OE). Multiple ER-PM MCS are marked by arrows. In the 
inset, the intermediate density layer between ER and PM is marked by red arrowheads. (E) Left: 
surface rendering of (D) showing PM in gold, ER in pink, ribosomes (rib) in green and a microtubule 
(MT) in light blue. Middle and right: en-face view of the ER-PM MCS showing a semi-transparent PM 
(middle) or no PM (right). The dark blue structures represent the intermediate density layer covering 
an extended surface of the MCS. (F) Schematic interpretation the cryo-ET data recorded in cells 
overexpressing different E-Syts. The cartoon is to scale. (Left) In E-Syt2/3-mediated ER-PM MCS E-
Syts likely homo/heterodimerize via their SMP domains, the C2A and C2B domains of E-Syt3 may 
bind the ER membrane and the C2C domain binds PM PI(4, 5)P2, thereby tethering the ER to the PM 
[42, 44]. (Middle) The situation is similar in E-Syt1-mediated contacts at resting cytosolic Ca2+ 
concentration, but the two additional C2 domains result in additional ER-PM spacing. (Right) 
Elevation of cytosolic Ca2+ in E-Syt1-mediated contacts results in shortening of the ER-PM distance, 
likely reflecting the Ca2+-dependent PM binding of the C2C domain of E-Syt1 [42, 43]. Tomographic 
slices are 2.7 nm thick. 
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